Lipoxygenase (EC 1.13.1.13) was found in seedlings of Citrullus lanalus (Thunb.) Matsum. and Nakai (watermelon). The enzyme has pH optima of 4.4 and 5.5 and is inhibited by 0.2 mM nordihydroguaiaretic acid. It is present in two functional units with estimated molecular weights of 120,000 and 240,000, respectively.
partlly puified from watermelon seedlings. The enzyme, located principafly in the region of the hypocotyl-root junction, catalyzes the conversion of 13-L-hydroperoxy.cis-9-trans-11-octadecadienoic acid to 12-oxowrans-10-dodecenoic acid and hexanal. The hydroperoxide lyase enzyme from watermelon has a molecular weight in excess of 250,000, a pH optimum in the range of 6 to 6.5, and is inhibited by p-chloromercuribenzoic acid. Its presence has also been demonstrated in other cucurbits.
The maximum activity of both enzymes occurs on the 6th day of germination. The identification of the products of the hydroperoxide lyase reaction suggests that lipoxygenase and hydroperoxide lyase may be involved in the conversion of certain polyunsaturated fatty acids to traumatic acid (trans-2-dodecenedioic acid).
Lipoxygenase catalyzes the incorporation of molecular 02 into certain polyunsaturated fatty acids having a cis,cis 1,4-pentadiene system to form a fatty acid hydroperoxide. The enzyme is present in a variety of higher plants (2) as well as in lower forms of plant life such as Chlorella pyrenoidosa (28). Although the existence of lipoxygenase in plants has been known for more than 40 years, the function of the hydroperoxide product has not yet been established.
In 1966 Zimmerman (26, 27) reported the presence of hydroperoxide isomerase in flaxseed which converted linoleic acid hydroperoxide to an a-ketol fatty acid. Later this enzyme was found to be present in corn germ (7) and barley flour (9) . These two sources also possessed hydroperoxide isomerases whose products were y-ketols. Esselman and Clagett (5) , working with alfalfa seeds and seedlings, adopted the name lipohydroperoxidase for an enzyme which differed from the hydroperoxide isomerases of corn germ and barley flour, but which also catalyzed the formation of a y-ketol from linoleic acid hydroperoxide. Heimann et al. (14) showed that extracts from oats possessed a hydroperoxide isomerase which converted the peroxide to a hydroxy-epoxy fatty acid. Galliard et al. (6) , using extracts of potato tuber, reported still another enzyme which could utilize linoleic acid hydroperoxide. Its product was a butadienyl-vinyl ether fatty acid. This paper is the first report of the presence of lipoxygenase in germinating watermelon seedlings. Also present is an enzyme which utilizes the hydroperoxide product of the watermelon lipoxygenase reaction. This enzyme from watermelon seedlings was originally reported to be a hydroperoxide isomerase (29), based on its ability to disrupt the conjugated double bond system of the dienoic hydroperoxide and the resulting loss of absorbance at 234 nm. It is now clear that this enzyme converts the hydroperoxide to a 12-carbon, monoenoic w-oxoacid and hexanal. This new enzyme of fatty acid hydroperoxide metabolism has been tentatively termed hydroperoxide lyase.
MATERIALS AND METHODS
Plant Material and Growth Conditions. Watermelon seeds (Citrullus lanatus (Thunb.) Matsum. and Nakai, formerly C. vulgaris Schrad. var. Charleston Gray) were soaked overnight in water and placed between two sheets of moist paper toweling 2 cm from the top. To prevent moisture loss, the moist toweling with seeds was placed on a sheet of waxed paper, rolled up, and placed upright in a beaker of water. This was considered to be time zero when determining developmental times. The seeds were germinated in the dark at 30 C and 80% relative humidity.
Preparation of Crude Extracts. Six-day-old watermelon seedlings were separated into cotyledons and the hypocotyl-root section. The tissues were cut into small pieces with a razor blade, transferred to a mortar, frozen in liquid N2, and ground to a powder with a pestle. Enzymes were extracted by grinding the tissue with 0.05 M potassium phosphate buffer, pH 6, at 4 C. acidified to pH 2, 200 ml of saturated ammonium sulfate added, and extracted overnight with 400 ml of petroleum ether. After concentration of the ether extract, the products were esterified with diazomethane and purified by TLC (Adsorbosil-5-P, Ap- Enzyme Assays. Lipoxygenase activity was determined by measuring the conjugated diene absorption of the hydroperoxide at 234 nm. The reaction mixture contained 2.9 ml of 0.05 M potassium phosphate buffer (pH 6), 0.02 ml of 8 mm linoleic acid substrate solution, and 0.01 to 0.10 ml of enzyme solution. The reaction, conducted at room temperature, was initiated by the addition of the substrate solution.
Hydroperoxide lyase was assayed by the loss in absorption at 234 nm by the hydroperoxide. Hydroperoxide substrate solution for this assay was prepared by incubating 0.6 ml of 8 mm linoleic acid substrate solution with 1.2 mg of soybean lipoxygenase (8200 units/mg, Sigma Chemical Co.) in 30 ml of distilled H20 for 30 min. The final reaction mixture contained 0.5 ml of the hydroperoxide substrate solution, 0.02 to 0.10 ml of enzyme solution, and 0.1 M potassium phosphate buffer, pH 6, to provide a final volume of 3 ml. In some experiments 10 mm KCN was added to the reaction mixture. This greatly reduced the absorbance of the aldehyde product by converting it to a nonabsorbing cyanohydrin compound. The reaction was run at room temperature and was initiated by the addition of the enzyme solution.
Protein was determined by the Lowry method (18) . RESULTS Specificity of Watermelon Lipoxygenase. The mass spectrum of the reduced, saturated hydroperoxide product of watermelon lipoxygenase and linoleic acid is shown in Figure 1 . The ion fragments at m/e 211, 214, and 243 are characteristic of methyl-13-hydroxystearate (22) . The absence of the series of ion fragments at m/e 155, 158, and 187, which is characteristic of the 9-hydroxy isomer, indicates that watermelon lipoxygenase is specific for 02 attack at carbon 13 of linoleic acid. borohydride and the TMS ether derivative prepared. The derivative was purified on an SE-30 GLC column equipped with a 10:1 splitter, and a mass spectrum obtained from the isolated compound (Fig. 7) . The spectrum was typical of that for an (- acid products resulting from the incubation of linoleic acid substrate with a crude extract of 6-day-old, etiolated watermelon cotyledons and hypocotyls were separated by TLC (Fig. 2) . One of the products, labeled H, was linoleic acid hydroperoxide, based on its RF and UV absorption at 234 nm. The other major products, A, B, C, and D, in order of increasing RF, were eluted from the silica gel and characterized.
Characterization of Products
An IR spectrum of the methyl ester of product A (Fig. 3 ) showed absorbances at 3590 cm-' (hydroxyl), 3010 cm-' (unsaturation), and 900 cm-' (epoxide) in addition to the ester carbonyl at 1740 cm-'. There was no absorbance at 970 cm-', denoting the absence of trans double bonds. The compound had no characteristic absorbance in the 234 nm region, indicating no double bond conjugation. A mass spectrum of the TMS ether derivative showed a large peak at m/e 285, which placed the hydroxyl group at carbon 11 (Fig. 4) . Absence of an m/e 215 peak (cleavage on the other side of the TMS group) indicated that the double bond was a,,8 to the hydroxyl (16) . A parent peak at m/e 398, and confirmed by M-15 and M-31 peaks, was consistent with an 18-carbon monoenoic, epoxy-hydroxy fatty acid. Treatment with periodate caused cleavage, as evidenced by GLC analysis, indicating that the epoxide is adjacent to the hydroxyl group. The compound was thus identified as 1 1-hydroxy-12,13-epoxy-cis-9-octadecenoic acid.
Product B showed IR absorption at 3620 cm-' (hydroxyl), 3015 cm-' (unsaturation), and at 983 and 950 cm-' (cis-trans conjugation). The compound absorbed strongly in the UV region at 234 nm, characteristic of two double bonds in conjugation. A mass spectrum of the TMS ether derivative, purified with an OV17 GLC column on line with the mass spectrometer, gave a parent peak at m/e 382 (Fig. 5) , consistent with an 18-carbon dienoic, hydroxy fatty acid. A large peak at m/e 311 and a lesser peak at m/e 225 placed the hydroxyl at carbon 13 (16) . The compound was identified as 13-hydroxy-cis-9-trans-11-octadecadienoic acid.
Product C was identified as an aldehyde on the basis of its reaction with aldehyde-sensitive reagents, basic fuchsin and 4-amino-5-hydrazino-1 ,2 ,4-triazole-3-thiol (21), on thin layer plates. An IR spectrum of product C (Fig. 6) showed the presence of unsaturation (3020 cm-') as well as the characteristic aldehyde absorption at 2810 and 2740 cm-'. The ester carbonyl was retained as demonstrated by the 1740 cm-' absorption. The 970 cm-' absorption showed the presence of a trans double bond. Absorption at 1690 cm-' indicated a,4 unsaturation of the aldehyde (19) . An absorption maximum at 222 nm by compound C also suggested an a,,3 unsaturated carbonyl.
When the methyl ester of product C was analzyed by GLC on an SE-30 column, it was apparent from its retention time that it had a much;shorter chain length than did the other products. To determine the chain length, product C was reduced with sodium hydroxy fatty acid (3). The parent peak at m/e 300 was verified by characteristic peaks at M-15 and M-47. The mol wt of 300 established that the compound had a chain length of 12 carbons and one double bond. In addition to the information provided by the IR and UV spectra, oxidative ozonolysis confirmed the position of the double bond. Analysis of the methyl ester of the ozonolysis product by gas chromatography on both an SE-30 and a Silar 9CP column showed it to be a 10-carbon dicarboxylic acid. Therefore, the position of the double bond was between carbons 10 and 11, and product C was concluded to be 12-oxotrans-i 0-dodecenoic acid.
A mass spectrum of the nonderivatized methyl ester of compound C, purified on an SE-30 column, is shown in Figure 8 . Unexplained peaks were present in this mass spectrum. A peak at m/e 224 was present rather than a parent peak at m/e 226 as expected. Although the evidence described earlier confirmed conclusively the structure of product C, the difference of two Product D was characterized as a conjugated ketodiene compound on the basis of its RF, its UV absorption at 278 nm, and its IR spectrum, which showed absorbances at 1740 cm-' (ester carbonyl), 1690 and 1638 cm-' (characteristic of carbonyl conjugation), and at 990 and 950 cm-' (cis-trans conjugation). The properties of ketodienes have been described by Vioque and Holman (25) . Since watermelon lipoxygenase attacks linoleic acid solely at position 13, it is likely that product D is 1 3-oxo-cis-9-trans-i 1-octadecadienoic acid.
To determine which products were formed enzymically from the hydroperoxide, pure linoleic acid hydroperoxide was prepared from soybean lipoxygenase and incubated with an extract of watermelon cotyledons and hypocotyls which had been heattreated for 10 min at 100 C. The heat-treated extract was able to convert the hydroperoxide to a mixture of products A, B, and D, demonstrating that the only enzymic reation of linoleic acid hydroperoxide with watermelon extracts was the formation of product C, 12-oxo-trans-10-dodecenoic acid. This enzyme has been tentatively designated as hydroperoxide lyase (Fig. 9) . In addition to chain cleavage, the enzyme catalyzes the isomerization of a cis-9-double bond to a trans-1 0 double bond.
There was no evidence that an a-ketol was present as a reaction product. A purified a-ketol, prepared from flaxseed hydroperoxide isomerase characterization, linolenic acid hydroperoxide was also metabolized in a similar manner by a watermelon crude extract.
pH Optima of Watermelon Lipoxygenase and Hydroperoxide Lyase. A crude extract of cotyledons from 5-day-old etiolated watermelon seedlings was used to determine the pHi optimum of lipoxygenase (Fig. 11) . The lipoxygenase exhibited two pH optima, one at pH 4.4 and the other at pH 5.5. Hydroperoxide lyase extracted from the hypocotyl-root had its maximum activity in the range of pH 6 to 6.5 (Fig. 11) .
Enzyme Purification and Molecular Weight Estimation. The protein from an extract of watermelon hypocotyl-root which precipitated at 60% saturation with ammonium sulfate was applied to a Sephadex G-200 column. The elution profile of hydroperoxide lyase and lipoxygenase is shown in Figure 12 .
Hydroperoxide lyase was eluted near the void volume, and consequently a precise estimation of its mol wt was not possible, except to say that it was in excess of 250,000. The partially purified enzyme was not inhibited by 10 mm iodoacetamide or 10 mm cyanide. In the presence of 0.1 mm p-chlqromercuribenzoate the enzyme was inhibited 83%, suggesting that certain sulfhydryl groups must be intact to preserve enzyme activity. The enzyme was inactive in 7 M urea. Table I shows the purification of hydroperoxide lyase from watermelon hypocotyl-root tissue. A 42-fold purification of the enzyme from crude extract was obtained.
Since lipoxygenase has not previously been reported in watermelon, further investigation of its properties was made. Watermelon lipoxygenase exhibited two peaks of activity on the Sephadex G-200 column (Fig. 12) . For purposes of identification, the second peak (lower mol wt) is referred to as lipoxygenase-1 and the first peak (higher mol wt) as lipoxygenase-2. From a plot of Ve/Vo versus the logarithm of the mol wt for known proteins, the mol wt of lipoxygenase-1 was estimated to be 120,000 and the mol wt of lipoxygenase-2 was estimated at 240,000 (Fig. 13) . harvested and separated into two parts, the cotyledons and the remaining hypocotyl-root section, over a period of 10 days. Each part was extracted and assayed for lipoxygenase and hydroperoxide lyase activities. Neither enzyme was present in ungerminated watermelon seed, but after the 3rd day of germination a rapid rise in the activity of both enzymes occurred (Figs. 14 and  15 ). By the 6th day, both enzymes had reached their maximum activities and declined rapidly thereafter. This dramatic increase and decrease in the activity of the two watermelon enzymes during germination suggests a function in the early stage of plant growth.
Enzyme Distribution within Seedling. The enzyme distribution within 6-day-old etiolated watermelon seedlings was investigated by separating the seedlings into two sections, the cotyledons and the hypocotyl-root section, and extracting with buffer. Almost all of the lipoxygenase, 98%, was located in the cotyledons (Table II) . However, the hydroperoxide lyase activity was located principally in the hypocotyl-root section (81%).
Because of the high activity of hydroperoxide lyase in the hypocotyl-root, it was of interest to know its distribution within this section. Table III shows the activities of three different subsections: (a) the root, (b ) a 1-cm section at the junction of root and hypocotyl, and (c) the hypocotyl. The highest activity occurred in the 1-cm center section between the hypocotyl and root. In terms of specific activity, the center section was at least 5 times more active than the root and over 10 times more active than the hypocotyl. The reason for the high activity of hydroperoxide lyase in this section is not clear.
Survey of Plants for Hydroperoxide Lyase Activity. Ten plant species in addition to watermelon were surveyed for lyase activity. Of these, only cucumber and cantaloupe, which are taxonomically closely related to watermelon, showed formation of 12-oxo-trans-10-dodecenoic acid. Hydroperoxide lyase activity was not detected in barley, corn, flax, green beans, peas, pumpkin, squash, or sunflower.
DISCUSSION
There have been several reports that linoleic and linolenic acid are precursors of short chain volatile aldehydes (1, 8, 13, 15, 23) . However, nonvolatile, longer chain products were not investigated in any of these studies. Grosch and Schwarz (10) have shown that linoleic acid is a precursor of volatile and nonvolatile aldehydes in cucumbers. The products identified were hexanal and trans-2-nonenal. Formation of the latter product was similar to the hydroperoxide lyase reaction in that chain cleavage occurred, followed by isomerization of a cis-3 double bond to a trans-2 double bond.
The function of 12-oxo-trans-1O-dodecenoic acid has not been established. Its structure, however, is very similar to that of a compound which is thought to induce cell division. Haberlandt (11) showed the presence of a substance in extracts of injured plant cells that worked in conjunction with a second factor contained in the phloem to induce cell division in uninjured cells of plant tissue. The substance was identified by English et al. (4) (20) l One unit of activity is defined as 1 =iole of hydroperoxide decomposed per minute at 25 C.
2Number in parentheses represents percent of total activity.
its product is involved in cell differentiation, or that it functions in cell division or cell enlargement in the hypocotyl as it pushes its way through the soil to reach sunlight. Further work is now underway to determine whether the products of watermelon lipoxygenase and hydroperoxide lyase function in some aspect of hormonal activity.
